1. We investigated the effects of limb immobilization (for 1 or 6weeks) in a long leg cast after a closed tibia1 fracture (n = 11). Biopsies of vastus lateralis were taken on admission and after either 1 week (n = 5) or 6 weeks (n = 6) and analysed for muscle fibre type characteristics, cytochrome c oxidase activity and the abundance of GLUT4 and GLUTS hexose transporters. 2. After 1 week of immobilization there was a significant decrease (8%) in the cross-sectional area of type I, but not type 11, muscle fibres and in the protein-DNA ratio (16%) compared with the initial biopsy. Six weeks of immobilization led to further muscle atrophy compared with the initial biopsy and a further reduction in the cross-sectional area of both type I and I1 fibres (29% and 36% decrease respectively) and in the protein-DNA ratio (25%). No changes were observed in the free leg after lweek. However, at the end of the 6week study period, the cross-sectional area of both type I and I1 fibres of the free leg were increased (7% and 5%) and there was significant increase in the protein-DNA ratio (14%), indicating a net increase in muscle protein content. 3. Assay for cytochrome c oxidase activity showed significant reduction after 1 (30%) or 6 weeks (36%) of immobilization, reflecting a reduced capacity for oxidative metabolism. No significant changes in activity were observed in muscle from the free leg after 1 or 6 weeks of study. 4. The concentrations of GLUT4 and GLUTS protein were determined by Western blot analysis. Limb immobilization induced a marked (50%) reduction in muscle GLUT4 protein concentration after 1 week that persisted for 6 weeks. A transient but significant increase (approximately twofold) in GLUT4 concentration was detected in muscle from the free leg after 1 week, but this returned to preimmobilization values at 6 weeks. Unlike GLUT4, no significant changes in the abundance of the GLUT5 protein were detected in either the immobilized or free leg at the end of the 1 or 6 week periods. 5. The present findings indicate that disuse rapidly induces a selective loss of activity and abundance of some non-myofibrillar proteins in humans. The decrease in GLUT4 protein abundance and cytochrome c oxidase activity during muscle disuse is consistent with a decreased capacity for glucose uptake and with a lower oxidative potential of inactive muscle. The lack of any major changes in GLUTS protein abundance during limb immobilization indicates that the expression of some non-myofibrillar proteins is differentially regulated in response to muscle disuse.
1. We investigated the effects of limb immobilization (for 1 or 6weeks) in a long leg cast after a closed tibia1 fracture (n = 11). Biopsies of vastus lateralis were taken on admission and after either 1 week (n = 5) or 6 weeks (n = 6) and analysed for muscle fibre type characteristics, cytochrome c oxidase activity and the abundance of GLUT4 and GLUTS hexose transporters. 2. After 1 week of immobilization there was a significant decrease (8%) in the cross-sectional area of type I, but not type 11, muscle fibres and in the protein-DNA ratio (16%) compared with the initial biopsy. Six weeks of immobilization led to further muscle atrophy compared with the initial biopsy and a further reduction in the cross-sectional area of both type I and I1 fibres (29% and 36% decrease respectively) and in the protein-DNA ratio (25%). No changes were observed in the free leg after lweek. However, at the end of the 6week study period, the cross-sectional area of both type I and I1 fibres of the free leg were increased (7% and 5%) and there was significant increase in the protein-DNA ratio (14%), indicating a net increase in muscle protein content. 3. Assay for cytochrome c oxidase activity showed significant reduction after 1 (30%) or 6 weeks (36%) of immobilization, reflecting a reduced capacity for oxidative metabolism. No significant changes in activity were observed in muscle from the free leg after 1 or 6 weeks of study. 4. The concentrations of GLUT4 and GLUTS protein were determined by Western blot analysis. Limb immobilization induced a marked (50%) reduction in muscle GLUT4 protein concentration after 1 week that persisted for 6 weeks. A transient but significant increase (approximately twofold) in GLUT4 concentration was detected in muscle from the free leg after 1 week, but this returned to preimmobilization values at 6 weeks. Unlike GLUT4, no significant changes in the abundance of the GLUT5 protein were detected in either the immobilized or free leg at the end of the 1 or 6 week periods. 5. The present findings indicate that disuse rapidly induces a selective loss of activity and abundance of some non-myofibrillar proteins in humans. The decrease in GLUT4 protein abundance and cytochrome c oxidase activity during muscle disuse is consistent with a decreased capacity for glucose uptake and with a lower oxidative potential of inactive muscle. The lack of any major changes in GLUTS protein abundance during limb immobilization indicates that the expression of some non-myofibrillar proteins is differentially regulated in response to muscle disuse.
INTRODUCTION
Wasting of the musculature, loss of muscle oxidative capacity and lack of responsiveness to insulin are prominent and characteristic features associated with muscle disuse [l-61. Loss of muscle mass may result from decreased muscle protein synthesis, increased protein breakdown or a combination of the two [6, 71. Nearly 80% of skeletal muscle protein is of myofibrillar origin and therefore, not surprisingly, many studies of the effects of muscle disuse have focused on changes in muscle actin and myosin [8-131. Little is known about the effects of reduced muscular activity on non-myofibrillar proteins, and what information is available indicates that changes in the expression of specific proteins can be influenced by the type of experimental model of disuse being used. For example, the expression of the GLUT4 glucose transporter is significantly reduced in denervated rat muscle. This loss, coupled with the profound insulin resistance associated with this type of muscle disuse, may help to account for the marked reduction in insulin's ability to stimulate glucose transport in denervated rat muscle [14] . In contrast, however, muscle disuse induced by suspending rats results in a dramatic increase in GLUT4 protein expression and a significant associated rise in insulin-stimulated glucose transport [14] . Precisely why two different experimental models of muscle disuse that induce similar degrees of muscle atrophy result in discordant effects on GLUT4 expression remains unclear at present. Consequently, it is difficult to assess whether such experimental approaches are likely to provide useful insights into how the expression of non-myofibrillar proteins may be affected during disuse of human skeletal muscle induced as a result of a limb immobilization.
Human skeletal muscle atrophy associated with a joint injury or fracture is a common clinical problem, and it is recognized that the resulting muscle weakness can contribute to further joint damage [15, 161 . At present there is little, if any, knowledge of how expression of specific non-myofibrillar proteins may be modulated during human limb immobilization. Such information would not only be of general interest, but may also be important in providing novel information about the mechanisms of human muscle atrophy. In an attempt to address this issue we have investigated the effects of unilateral human limb immobilization for a period of either 1 or 6 weeks on the activity of cytochrome c oxidase (COX) and on the expression of the GLUT4 and the GLUT5 hexose transporters in human skeletal muscle. COX constitutes complex IV of the mitochondrial electron transfer chain, and thus an assessment of its activity should provide an indication of the effects of muscle disuse on mitochondrial oxidative capacity. The role of GLUT4 in insulin-and exercise-mediated glucose transport in skeletal muscle is well established [17-191. In the fasting or sedentary state most of the GLUT4 is normally sequestered in specialized intracellular vesicles that can be rapidly mobilized to the plasma membrane in response to insulin or an exercise stimulus [18, 191. The insulin-or exerciseinduced increase in GLUT4 protein in the sarcolemma provides the primary basis by which an increase in functional glucose transport activity takes place. The GLUT5 facilitative transporter most likely functions as a high-affinity fructose carrier [20, 211. As both transporters are expressed in skeletal muscle and have a role to play in the transfer of sugars across the human sarcolemma, we have investigated whether their expression is regulated in response to limb immobilization when the requirement of muscle for blood-borne fuel may itself be decreased.
METHODS

Subjects
A total of 11 individuals presenting with tibial fracture to Dundee Royal Infirmary were recruited to this study and randomly assigned to one of two experimental groups, both groups being maintained in long leg casts for 6 weeks. Only individuals with an uncomplicated tibial fracture and with no previous history of lower limb trauma were recruited. Five subjects (four men and one woman) aged 30.4 k 4.1 years (mean k SEM) were assigned to a group whose limbs were rebiopsied after 1 week. The other six subjects (five men and one women), aged 38.2 k 7 years, were assigned to a second group whose limbs were rebiopsied after 6 weeks. Assignment to a particular group was randomized and decided before admission to the study. None of the recruited subjects was a trained athlete or suffered from any form of invalidity. The study had the approval of the local medical ethics committee and all subjects provided written informed consent.
Tissue procurement and handling
Biopsies (approximately 200 mg) of vastus lateralis were taken under local anaesthesia, using Conchotome forceps, from both the normal and fractured limb in each subject (before immobilization and at the end of either 1 week or 6weeks immobilization). Fractured limbs were then immobilized in a long leg cast at a knee angle representing 15" flexion and subjects were provided with crutches to minimize weight bearing on this limb. Repeat biopsies were taken from a point less than 2 cm from the initial biopsy site. Each biopsy sample was divided. One part was frozen and stored in liquid nitrogen, whereas the second part was mounted onto a cork bed, taking care to orientate the muscle according to fibre direction. The biopsy was cooled in cold isopentane and then rapidly frozen in liquid nitrogen before cryostat sectioning (see below).
Preparation of crude (total) muscle membranes from human muscle biopsies
Approximately 50 mg of muscle biopsy material was placed in ice-cold homogenization buffer (HB; 10 mmol/l sodium bicarbonate, 0.25 mol/l sucrose, 5 mmol/l sodium azide and 0.1 mmol/l phenylmethylsulphonyl fluoride, pH 7.0) and homogenized for 5 s using a Polytron homogenizer (P"3000; Kinematica, Switzerland) preset to speed 7. An aliquot of the muscle homogenate was retained for protein and DNA analyses (see below). The remaining homogenate was centrifuged at 2500 g for 10 min to recover the post-nuclear supernatant, which was subsequently spun at 9500 g for 10 min to isolate a post-mitochondria1 supernatant (Sl), which was retained. The pellet from the latter spin was resuspended in homogenizing buffer and respun at 9500 g for a further 10 min, and the resulting supernatant (S2) from this spin was combined with that from the initial spin. The combined supernatants (S1 and S2) from these two spins were then centrifuged at 19OOOOg to pellet crude muscle membranes (CMs). These membranes were resuspended in 0.1 ml of HB. An aliquot of the CMs was retained for analyses of protein content using the bicinchoninic acid method [22] . The remainder of the CM fraction was stored at -85°C until required for further analyses.
Electrophoresis and Western blot analyses
CM samples (50 pg protein) were subjected to SDS-PAGE on 9% resolving gels [23] . Separated proteins were electrophoretically transferred onto polyvinylidene difluoride (PVDF) sheets (0.2 pm pore size, BioRad, U.K.) and then blocked with 3% BSARris-saline-Tween 20 for 1 h at room temperature before incubating overnight at 4°C with antibodies to GLUT4 (East Acres Biologicals, Southbridge, MA, U.S.A.) or human GLUTS (prepared against a synthetic peptide corresponding to the C-terminal 14 amino acids of human GLUT5 (KEELKELPPVTSEQ) [21] ); both antibodies were used at a final dilution of 1:500. After primary antibody incubation, PVDF membranes were washed three times in Tris-saline-Tween 20-NP40 and primary antibody detected with a 1 h incubation at room temperature with 0.1 pCi/ml 1251-labelled protein A. PVDF membranes were subsequently washed three times in Tris-saline-Tween 20 for 15 min, air dried and autoradiography performed by exposure to XARJ Kodak film at -80°C. Autoradiographs were quantified using a Molecular Dynamics laser scanner with Image Quant 3 software.
Determination of muscle fibre types and cross-sectional area
Cryostat sections of muscle (approximately 10 pm thick) were prepared and myosin ATPase staining performed using the single-step method of Mabuchi and SrCter [24] . Quantification of the number of type I and type I1 fibres was performed by counting stained fibres using several randomly selected optical fields. The number of fibres counted varied between 70 and 200 fibres per sample field. The cross-sectional area of each fibre was simultaneously determined using a Seescan image analyser (Cambridge, U.K.).
Analyses of total DNA and protein
A fluorimetric method for assessing DNA content in muscle biopsies, based on the procedure developed by Labarca and Paigen [25] , was used. Briefly, aliquots of crude muscle homogenate were resuspended in buffer containing 0.1 molil sodium phosphate, 4 molil sodium chloride, 4 mmolil EDTA and 200pg/ml bis-benzimide and sonicated in an ice-cold water bath (15 bursts of 10s duration with 15 s rest between each burst). Samples were appropriately diluted with the suspension buffer before measurement of fluorescence using a Locarte fluorimeter (Locarte, U.K.). DNA content was calculated by reference to a DNA standard curve generated using calf thymus DNA. Protein was determined by the BCA assay [22] , using BSA as a standard protein.
Analyses of muscle COX activity
COX activity was measured using a method previously reported [26] . Briefly, approximately 40 mg of muscle biopsy material was ground to a fine powder under liquid nitrogen using a mortar and pestle. Powdered muscle was then resuspended in 200 pl of 0.1 mol/l potassium dihydrogen phosphate-sodium phosphate and 2 mmol/l EDTA, pH 7.0, vortexed for 1 min and sonicated in an ice-water bath (10 bursts of 10 s duration followed by 20 s rest between bursts). An aliquot (30 p1) of the resulting homogenate was then added directly to a cuvette containing 75 pmol/l reduced cytochrome c, 0.1 molfl 1 potassium dihydrogen phosphate-sodium phosphate and 2 mmol/l EDTA, pH 7.0. Absorbance was monitored at 550nm using an LKB spectrophotometer. All measurements were conducted in triplicate and maximal enzymic activity calculated as described elsewhere [26] .
Statistical analyses
An analysis of variance (ANOVA) test was performed to verify that data from both limbs of each subject were normally distributed. For assessing the statistical significance of changes in the fibre size distribution from the muscle biopsies, the fibre type groups were compared using a two-tailed Kolmogorov-Smirnov two-sample test [27] . All other comparisons were carried out using a two-tailed paired sample t-test. In both types of test statistical significance was determined at P c 0.05.
RESULTS
Effects of limb immobilization on muscle fibre type composition and cross-sectional area
Analyses of the myosin ATPase fibre staining showed that the fractional contributions of type I and type I1 muscle fibres were not significantly different in the free or immobilized leg over either the 1 or 6week immobilization periods (Tables 1  and 2 ). Analysis of muscle fibre cross-sectional area revealed that after 1 week type I fibre area was significantly reduced in the immobilized limb but there was no effect in the free leg (Table 1) . No significant changes in type I1 fibre size were detected over the first week study period. In contrast, data from those individuals whose limbs were rebiopsied at 6 weeks revealed more dramatic changes in crosssectional fibre area: the extent of type I fibre atrophy was much more pronounced, fibre area falling by 30% relative to preimmobilization values ( Table 2) . Although there were no detectable changes in type I1 fibre sizes after 1 week (Table l) , there was marked atrophy of type I1 fibres after 6 weeks of immobilization, muscle fibre area falling by 36% (Table 2) . A small but significant increase in the cross-sectional area of both type I (7%) and type I1 fibres (5%) was observed in the free leg at the end of the 6 week study period ( Table 2) .
Effects of limb immobilization on vastus lateralis protein concentration and protein-DNA ratio
No statistically significant changes in total mixed protein concentration were observed in either the immobilized or free leg after 1 or 6 weeks (Tables 1  and 2 ). However, the protein-DNA ratio of vastus lateralis indicated that, relative to the control samples taken from the free limb at the same time, these were significantly decreased in the immobilized leg at both 1 and 6 weeks by 16% and 25% respectively (Tables 1 and 2 ). No change was observed in the protein-DNA ratio in the free leg after 1 week. However, after 6 weeks, a significant increase (14%) was observed relative to the basal biopsy sample taken before the start of the study from the free leg ( Table 2) .
Effects of limb immobilization on COX
No significant changes in COX activity were observed in the free leg at the end of the 1 or 6week study periods (Fig. la) . However, COX activity was significantly lower (by 30%) after 1 week in the vastus muscle of the immobilized limb and was further suppressed (by 36%) in individuals whose limbs had been immobilized for 6 weeks (Fig.  lb) .
GLUT4 and GLUT5 protein expression in the free and immobilized limbs
Western blot analyses of total (crude) muscle membranes prepared from vastus lateralis biopsies revealed that by 1 week after immobilization GLUT4 protein expression had fallen significantly Table 2 . Muscle fibre characteristics. Protein concentration and protein-DNA ratios in human vastus lateralis before and after 6 weeks' immobilization in a long leg cast. Asterisks indicate significant differences compared with the corresponding basal group using a two-tailed paired-sample t-test (*P<O.OS, **P<O.OI). The myosin ATPase fibre size data were analysed using a KdmogorovSmimov two-sample test. Daggen indicate significant differences compared with the corresponding basal group (tP < 0.05, t t P < 0.01 and t t t P < 0.001). Values by approximately 50% in all individuals and that this decrease was sustained for up to 6weeks after immobilization (Fig. 2b) . In contrast, GLUT4 protein content was significantly increased approximately twofold (Fig. 2a) in the muscle of the free legs after 1 week in all individuals. However, this effect was transient, as there were no significant differences in muscle GLUT4 protein content from the free leg after 6weeks and before immobilization. When muscle fractions showing altered GLUT4 protein abundance were immunoblotted using anti-human GLUT5 antibodies, we were unable to detect any significant changes in the expression of the GLUT5 transporter in muscles after 1 or 6 weeks of immobilization (Fig. 3) .
DISCUSSION
The number of muscle fibres effectively remains unchanged during adulthood and, although the acquisition of new myonuclei via satellite cells in adult skeletal muscle is known to occur, this process is rather slow, and thus it is not unreasonable to assume that the amount of muscle DNA remains fairly constant. Thus, a decrease in the protein-DNA ratio is likely to indicate protein loss from the muscle fibre (i.e. atrophy), whereas an increase in the ratio would suggest protein accretion (or hypertrophy). The decrease in the protein-DNA ratio and decreased cross-sectional area of muscle fibres we observed would indicate that immobilization in a long leg cast for either 1 or 6 weeks produces significant atrophy in the vastus lateralis of that limb. The observation that disuse of skeletal muscle results in atrophy is consonant with the findings of many previous animal and human studies [7, 24, 28-31].
Based on analyses of protein-DNA ratios, it would appear that the rate of protein loss from the immobilized muscle is greater in the 1 week group (2.5% total protein loss per day) than in the 6 week group (0.8% total protein loss per day). One of the 
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(4 major physiological adaptive responses of skeletal muscle to disuse is fibre atrophy -the contractile apparatus is reduced as the muscle adapts to a less active role. Thus, at the point of immobilization the constituent fibres of a muscle have the greatest atrophic potential, and so a relatively rapid initial rate of protein loss followed by a reduced rate of loss towards a new smaller muscle protein mass (and fibre size) may be expected. Information regarding the relationship between disuse and atrophy of specific fibre types is conflicting in human studies. Type I fibre atrophy has been reported to occur both in isolation [7] or in combination with type I1 fibre atrophy [28, 301. Our results would indicate that the observed protein loss occurring after 1 week in the immobilized leg appears to be associated with type I fibre atrophy, as no decrease in type I1 fibre area was observed over this period. This finding would suggest that type I fibres are more susceptible to acute immobilization atrophy but that wasting of type I1 fibres may make a significant contribution towards continued protein loss observed during prolonged muscle disuse.
A small but significant increase in the protein-DNA ratio and an increase in cross-sectional areas of type I and type I1 fibres were observed in the vastus lateralis of the free leg in the 6 week group, indicating some degree of compensatory hypertrophy. Authors of previous studies have not commented on the possible compensatory effects in the free leg after six or more weeks of immobilization [7, 28, 301. It is possible that during unilateral leg immobilization a greater percentage of the body weight may be carried by the free leg during locomotion than in mobile control subjects. Thus, the increased workload experienced by the free limb may stimulate the muscles and increase synthesis of contractile proteins to adapt to the extra work. In effect, the muscles within the free leg may be receiving what amounts to a training stimulus.
Assuming that the rate of muscle hypertrophy in the free leg was constant during the 6 week period of immobilization, indirect evidence can be provided for the rates of fibre area increase; these were 0.15% per day for type I fibres and 0.12% per day in type I1 fibres. These rates of fibre hypertrophy are in good agreement with rates observed after heavyresistance training studies of approximately 0.1% per day [32] .
It might be anticipated that the requirement for oxidative fuel would fall in response to reduced muscular activity and that there might be associated changes in the activity or expression of proteins involved in the transport and metabolism of hexoses in muscle. Our results add support to findings of studies in rat that indicated that acute (6 h) limb immobilization induced a 27% fall in the synthetic rate of COX. This acute change in the synthetic rate occurs despite the absence of major changes in the abundance of COX mRNA [33] . More prolonged immobilization induces a fall in COX mRNA, and under such circumstances it is likely that this will contribute towards a low rate of synthesis of new COX molecules [33] . Similar data are not available for human muscle undergoing atrophy as a result of limb immobilization and, although studies in rat show net changes in the expression of COX protein and mRNA, it remains unknown whether muscle disuse also results in a loss of functional enzymic activity. Our data show that in vitro COX activity fell significantly by 30% in the vastus muscle after 1 week of immobilization and slightly more (by 36%) after a 6 week immobilization period. These findings agree with results from COX expression studies carried out on rat muscle [33] and would suggest that mitochondria1 oxidative capacity is significantly reduced during muscle disuse in man and is possibly a consequence of the lower fuel requirements of inactive muscle and the observed decrease in muscle mass.
During exercise glucose is an important substrate for oxidative metabolism and muscle serves as the principal site for glucose utilization [34] . Indeed, muscle has been shown to compensate for the increased activity induced by chronic electrical stimulation, by increasing the amounts of GLUT4 transporter protein and hexokinase, after only 1 day [35] . Given that a fall in the fuel requirement accompanies muscle disuse, expression of proteins involved in the transport of glucose or other sugars across the muscle membrane may also be expected to be affected. The only available information to date regarding the effects of muscle disuse on glucose transporter expression has come from studies carried out in rodents in which disuse has been induced by either muscle denervation or unweighting muscles by hindlimb suspension [14] . Both experimental approaches result in significant and similar muscle atrophy but generate very distinct pathophysiological effects on both the expression of the insulin-sensitive GLUT4 glucose transporter and the sensitivity of glucose transport to insulin [14] . Muscle denervation induces a marked down-regulation of both GLUT4 and insulin-stimulated glucose transport, whereas unweighting results in a profound increase in GLUT4 expression and insulin-stimulated glucose transport [14] . It remains unknown why different models of muscle disuse elicit such contrary effects on GLUT4 expression in the rat, but it is plausible that, in the denervation model, the loss of muscle innervation per se may also play a role in regulating GLUT4 expression.
To our knowledge, the present report is the first on the effects of human limb immobilization on the abundance of GLUT4 and GLUT5 hexose transporters in human skeletal muscle. The observation that GLUT4 protein expression in the vastus muscle from the immobilized limb fell dramatically (by approximately 50%) after 1 week and was sustained for the 6 week study period implies that the fall in muscle GLUT4 occurs principally over the first week and may be associated with the concurrent changes occurring in type I muscle fibres, probably through decreased synthesis of new proteins as muscle protein synthesis has also been shown to be depressed during this stage of limb immobilization [7] . This proposition is in accord with the finding that in rats the sarcolemma from red muscle (composed largely of slow oxidative type I muscle fibres) contains approximately 80% more GLUT4 than white muscle (composed largely of glycolytic type I1 muscle fibres) in circumstances in which blood insulin levels are low [36] . As the loss of muscle GLUT4 content was proportionately higher than the net loss of protein (as judged from the protein-DNA ratio) during the 6 week study period, it is unlikely that the observed fall in muscle GLUT4 is solely attributable to a generalized loss of protein associated with muscle atrophy. Given that GLUT4 activity and expression are regulated by insulin and exercise [17, 191 , the observed fall in GLUT4 abundance may have arisen as a result of the inactivity leading to poor insulin sensitivity of atrophic muscle. This suggestion is supported by recent studies in both humans and rodents. In human muscle GLUT4 protein concentration falls significantly after a bout of eccentric exercise, which is known to induce insulin resistance transiently in the exercise-damaged muscles [37] . As muscle sensitivity to insulin is restored over 4-6days after exercise, the expression of GLUT4 protein also recovers [37] . Studies in rats show that insulin lack, induced by streptozotocin injection, causes a marked reduction in muscle GLUT4 content and that hindlimb denervation in such diabetic animals induces a further additive loss of muscle GLUT4 [38] . These observations are consistent with previous reports showing that insulin and muscle activity (exercise) induce GLUT4 translocation from distinct intracellular GLUT4 compartments [17, 181 and would imply that insulin deficiency or reduced muscular activity may result in the down-regulation of GLUT4 in the pools regulated by each stimulus. It is important to point out, however, that it is unlikely, in our view, that the observed fall in GLUT4 (and in muscle protein content, fibre area and COX activity) in the immobilized limb after 1 or 6 weeks was as a result of muscle damage caused by the first biopsy given that similar changes were not observed in the free limb, which was biopsied in exactly the same way. Indeed, this proposition is supported by the observation that GLUT4 content was transiently increased in the free leg after 1 week but that it returned to preimmobilization values after 6weeks. The increase in muscle GLUT4 content after 1 week may have been due to a temporary increase in workload carried out by the free leg in supporting a greater percentage of the body weight as this is known to increase GLUT4 expression in human muscle [39, 401 . It is possible that, as the subjects became more familiar with the use of their walking aids, weight bearing on the free limb was lessened and thus the stimulus for increased GLUT4 expression was progressively lost over the 6 week period.
One of the major findings of the present work was that limb immobilization had no detectable effect on the expression of the GLUT5 fructose transporter. Our observations suggest that, even during prolonged periods of muscle immobilization, when there is significant muscle atrophy (as reflected by the decreased protein-DNA ratio and reduced muscle fibre size), no parallel loss in GLUT5 protein occurred. This finding may be interpreted in one of two ways. First, as biochemical and electron microscopic studies have shown that GLUT5 is confined to the sarcolemma and that insulin does not regulate its cellular abundance or distribution [21, 41, 421 , the expression of the GLUT5 gene product in human muscle may be relatively insensitive to factors that are known to influence the turnover of GLUT4. A second, and more speculative, interpretation is that the changes in GLUT5 expression may be functionally useful in providing an important back-up system enabling provision of an alternative source of fuel when utilization of glucose is impaired, because of decreases in either GLUT4 expression/function or insulin sensitivity.
Current knowledge of fructose metabolism in human skeletal muscle is still limited, although some evidence in support of the second proposition has recently become available. Results obtained by the use of an in vitro human muscle preparation show that, in the absence of insulin and glucose, fructose, at physiological blood concentrations, is predominantly used for non-oxidative metabolism and muscle glycogen synthesis [43] . However, in the presence of insulin and glucose, the incorporation of fructose into glycogen is significantly suppressed [43] . This latter observation would imply that, under circumstances in which insulin-stimulated glucose transport in muscle is reduced and insulin resistance is a prevalent feature, metabolism of fructose may in fact be elevated. The extent to which GLUT5 is involved in sustaining an increase in fructose metabolism under such circumstances is unknown, but clearly further experimental work aimed at understanding its physiological role and function is likely to prove useful in understanding the contribution that fructose may make to carbohydrate metabolism in human skeletal muscle.
In summary, the present work has shown effects of short-and long-term human limb immobilization on the abundance and activity of specific non-myofibrillar proteins. The observation that GLUT4 abundance and COX activity fall in immobilized muscle is highly suggestive of a marked reduction in the requirement of inactive muscle for oxidative fuel. In contrast, the expression of the sarcolemmal GLUT5 transporter remained largely unaffected by immobilization, implying that it may play an important functional role when transfer of glucose via GLUT4 across the muscle membrane is compromised.
